Rice tungro disease is a complex disease caused by the interaction between Rice tungro bacilliform virus and Rice tungro spherical virus (RTSV). RTSV alone does not cause recognizable symptoms in most Asian rice (Oryza sativa) plants, whereas some African rice (O. glaberrima) plants were found to become stunted by RTSV. Stunting of rice plants by virus infections usually accompanies the suppression of various cell wall-related genes. The expression of cell wall-related genes was examined in O. glaberrima and O. sativa infected with RTSV to see the relationship between the severity of stunting and the suppression of cell wall-related genes by RTSV. The heights of four accessions of O. glaberrima were found to decline by 14-34% at 28 days post-inoculation (dpi) with RTSV, whereas the height reduction of O. sativa plants by RTSV was not significant. RTSV accumulated more in O. glaberrima plants than in O. sativa plants, but the level of RTSV accumulation was not correlated with the degree of height reduction among the four accessions of O. glaberrima. Examination for expression of genes for cellulose synthase A5 (CESA5) and A6 (CESA6), cellulose synthase-like A9 (CSLA9) and C7, and α-expansin 1 (expansin 1) and 15 precursors in O. glaberrima and O. sativa plants between 7 and 28 dpi with RTSV showed that the genes such as those for CESA5, CESA6, CSLA9, and expansin 1were more significantly suppressed in stunted plants of O. glaberrima at 14 dpi with RTSV than in O. sativa, suggesting that stunting of O. glaberrima might be associated with these cell wall-related genes suppressed by RTSV. Examination for expression of these genes in O. sativa plants infected with other rice viruses in previous studies indicated that the suppression of the expansin 1 gene is likely to be a signature response commonly associated with virus-induced stunting of Oryza species. These results suggest that stunting of O. glaberrima by RTSV infection might be associated with the suppression of these cell wall-related genes at the early stage of infection with RTSV.
INTRODUCTION
Rice tungro disease (RTD) is one of the major constraints to rice production in South and Southeast Asia (Azzam and Chancellor, 2002) . RTD is a composite disease caused by two taxonomically unrelated viruses, Rice tungro bacilliform virus (RTBV) and Rice tungro spherical virus (RTSV) both transmitted by green leafhoppers (GLH) (Hull, 1996) . RTBV is a plant pararetrovirus belonging to the family Caulimoviridae, genus Tungrovirus, with a circular, double-stranded DNA genome encapsidated in bacilliform particles (Fauquet et al., 2005) . RTSV is the type member of the Sequiviridae family, genus Waikavirus, having a singlestranded polyadenylated plus-sense RNA genome encapsidated in polyhedral particles (Choi, 2008) . Asian rice (Oryza sativa) plants infected with both RTBV and RTSV usually show symptoms such as severe stunting, yellowing of the leaves, and reduced tillering (Azzam and Chancellor, 2002) . O. sativa plants infected with RTBV alone exhibit recognizable stunting and yellowing of the leaves, whereas O. sativa plants infected with RTSV alone exhibit very mild stunting or no clear symptoms (Hibino et al., 1990) .
African rice (O. glaberrima) is known to have many favorable traits such as weed competitiveness, drought tolerance, pest resistance, and the ability to grow under low-input conditions (Sarla and Swamy, 2005 , and references therein). Efforts have been made to transfer genes conferring such useful traits from O. glaberrima to O. sativa through inter-specific hybridization (Sarla and Swamy, 2005 , and references therein). However, some accessions of O. glaberrima were found to be hypersensitive to RTD, and to be significantly stunted even when infected with RTSV alone (Cabauatan et al., 1993) .
Stunting is a common symptom of O. sativa infected with viruses such as Rice dwarf virus (RDV), Rice grassy stunt virus, Rice ragged stunt virus, Rice stripe virus (RSV), and RTBV (Hibino, 1996) . Genome-wide gene expression analyses in O. sativa plants infected with RDV (Shimizu et al., 2007; Satoh et al., 2011) and RSV (Satoh et al., 2010) revealed that many stress response-related genes were activated, whereas various development-related genes, including genes involved in cell wall synthesis, were suppressed in O. sativa plants infected with RDV and RSV, indicating that stunting of O. sativa plants by RDV and by RSV might be associated with the suppression of various development-related genes, especially cell wall-related genes. The expression of many defense-and development-related genes, including cell wall-related genes was also found to be regulated in O. sativa plants by infection with RTSV (Satoh et al., 2013) . However, the consequences from such changes in gene expression by RTSV were uncertain since the O. sativa plants infected with RTSV remained asymptomatic.
In this study, we examined the relationship between the severity of stunting and the expression of six cell wall-related genes in O. glaberrima infected with RTSV to see whether stunting of O. glaberrima is associated with the capability (pathogenicity) of RTSV to suppress the expression of cell wall-related genes. The results showed that the cell wall-related genes such as those for α-expansin 1 precursor (expansin 1), cellulose synthase A5 (CESA5), cellulose synthase A6 (CESA6), and cellulose synthase-like A9 (CSLA9) were more significantly suppressed in stunted plants of O. glaberrima at the early stage of infection with RTSV than in O. sativa, suggesting that the suppression of these genes at the early infection stage is signature responses associated with stunting of O. glaberrima induced by RTSV infection.
MATERIALS AND METHODS

PLANT MATERIALS
Eighteen accessions of O. glaberrima (International Rice Germplasm Collection (IRGC) accession numbers 86741, 96717, 96718, 96790, 96793, 96864, 96868, 100139, 100153, 102556, 102569, 103437, 103477, 104545, 104589, 104914, 112576, and 115633) were obtained from the T. T. Chang Genetic Resources Center, International Rice Research Institute (IRRI). O. sativa cultivar Taichung Native 1 (TN1) is susceptible to RTSV. TW16 is a backcross line (BC 5 ) resistant to RTSV, and was developed by serial backcrosses of RTSV-resistant cultivar Utri Merah (IRGC number 16682) with TN1 (Lee et al., 2010) .
INOCULATION OF RTSV
RTSV strain A (Cabauatan et al., 1995) maintained in TN1 was used as the source of inoculum. Five plants each of TN1 and TW16, and 18 O. glaberrima accessions were used per treatment (mock control or RTSV-inoculated) and sampling timing [7, 14, 21, 28, or 30 days post-inoculation (dpi) ]. The plants were grown in a 12-cm-diameter pot with each pot containing five seedlings. GLH-mediated inoculation of RTSV to plants was done by the tube method as described by Cabauatan et al. (1995) . GLH were given a 3-day acquisition access period to RTSV-infected plants and were allowed an inoculation access period of 24 h to 9-dayold plants at three insects per plant. Plants for mock control were prepared by feeding three virus-free insects per plant for 24 h. At Twenty Four hours after inoculation started, GLH were removed by insecticide. The inoculated plants were maintained in the greenhouse of IRRI.
EVALUATION FOR REACTIONS TO RTSV
The height of individual mock-and RTSV-inoculated plants was measured at 7, 14, 21, and 28 dpi) (n = 5 per treatment and time point in one experiment). Height reduction rates (%) due to RTSV infection were computed as 100 × [(height of mock-inoculated plant-height of RTSV-infected plant)/height of mock-inoculated plant]. After the height measurement, the second youngest fully expanded leaf was collected from each plant for RNA extraction (see below). The leaf samples were quickly frozen in liquid nitrogen and immediately kept at −80 • C until RNA extraction. Subsequently, approximately 1/3 of the upper part of each plant was collected for evaluation of RTSV accumulation in the plant. One gram of plant samples collected were pulverized in liquid nitrogen, and homogenized with 10 ml of phosphate buffer saline containing Tween-20 to prepare 10 time-diluted sap samples. The diluted plant sap samples were used to estimate RTSV accumulation in plants by enzyme-linked immunosorbent assay (ELISA) using an antibody raised against purified RTSV as described by Shibata et al. (2007) . The experiment for height measurement and that for estimation of RTSV accumulation were repeated three times. The differences between the heights of mock-and RTSV-inoculated plants were examined by the analysis of variance (ANOVA) and a t-test, and the differences in height reduction rate and RTSV accumulation (absorbance at 405 nm in ELISA) among O. glaberrima and O. sativa plants were examined by ANOVA and the least significant difference (LSD) test.
SELECTION OF CELL WALL-RELATED GENES FOR EXPRESSION ANALYSIS
Cell wall-related genes investigated for expression in O. glaberrima (Table 1) were selected based on their expression patterns in O. sativa TN1 and TW16 after infection with RTSV (Satoh et al., 2013) . Genes orthologous between O. sativa and O. glaberrima were identified by BLAST-Like Alignment Tool (BLAT) (Kent, 2002) 
REAL-TIME RT-PCR FOR CELL WALL-RELATED GENES
Total RNA was isolated individually from the second fully expanded leaves of single plants using TRIzol (Invitrogen, USA) according to the manufacturer's instructions. The equal amounts of the RNA samples from five independent plants of the same treatment were pooled prior to cDNA synthesis. First-strand cDNA molecules were synthesized from 3 μg of the pooled RNA samples using SuperScript III (Invitrogen, USA) and an oligo(dT) primer (Invitrogen, USA) in 20 μl of reaction mix according to the manufacturer's instruction. Primers specific to six cell wall-related genes were designed to target the 3 untranslated regions of the corresponding orthologs in both O. sativa and The height reduction due to RTSV infection in the four accessions of O. glaberrima and two genotypes of O. sativa, TN1 susceptible to RTSV and TW16 resistant to RTSV, was monitored until 28 dpi to characterize the stunting phenotypes of the plants. The heights of O. sativa TN1 and TW16 were not reduced significantly after infection with RTSV, whereas the heights of the four accessions of O. glaberrima were significantly reduced after RTSV infection ( Table 2) .
The height reduction rates of the O. sativa and O. glaberrima plants were compared to examine whether the severity of stunting by RTSV infection was different among the plants. The height reduction rates of O. glaberrima-102569 were significantly higher than those of O. sativa TN1 and TW16 at 14 dpi and onwards, and they were also significantly higher than those of the other three O. glaberrima accessions at 21 and 28 dpi ( Figure 1A, Supplementary Material 2) . The reduction rates of O. glaberrima-96790, -96793, and -104545 were significantly higher than that of O. sativa TN1 only at 21 dpi. (Figure 1A,  Supplementary Material 2) . The height reduction rates of the four accessions of O. glaberrima were between approximately 8 and 14% at 7 dpi ( Figure 1A, Supplementary Material 2) . The height reduction rates for the four accessions of O. glaberrima increased to approximately 18-21% at 14 dpi, indicating that stunting of plants became more evident at 14 dpi. Stunting of O. glaberrima-102569 became more severe after 14 dpi, showing height reduction rates of approximately 31% at 21 dpi and 34% at 28 dpi ( Figures 1A,B, Supplementary Material 2) . In contrast, the height reduction rates of three other O. glaberrima accessions (96790, 96793, and 104545) decreased from approximately 18% at 14 dpi to approximately 14-15% at 28 dpi, indicating that stunting of these three O. glaberrima accessions became milder (Figures 1A,B, Supplementary Material 2) between approximately −0.3 and 5% during the observation ( Figure 1A, Supplementary Material 2) , but the differences in height between the mock-inoculated O. sativa plants and the corresponding RTSV-infected plants were not statistically significant throughout the observation ( 
ACCUMULATION OF RTSV IN O. glaberrima AND O. sativa
The accumulation of RTSV in the O. glaberrima and O. sativa plants was examined to see whether it is correlated with the height reduction rate. The levels of RTSV accumulation determined by ELISA in the four accessions of O. glaberrima and O. sativa increased rapidly until 14 dpi and then were maintained at similar levels or decreased slightly until 28 dpi (Figure 2, Supplementary Material 3 
SUPPRESSION OF CELL WALL-RELATED GENES IN O. glaberrima INFECTED WITH RTSV
Temporal changes in expression of six cell wall-related genes were examined in O. glaberrima-96793 and -102569 and O. sativa TN1 to find cell wall-related genes associated with stunting of O. glaberrima caused by RTSV. The three accessions were selected since the severity of stunting by RTSV was significantly different from one another at 21 dpi (Figure 1, Supplementary Material 2) . A genome-wide gene expression analysis in O. sativa TN1 and TW16 had been performed previously by Satoh et al. (2013) . Genes for CESA5 and cellulose synthase A6 (CESA6), CSLA9 and cellulose synthase-like C7 (CSLC7), expansin 1, and α-expansin 15 precursor (expansin 15) were selected based on their expression patterns in O. sativa TN1 infected with RTSV. The previous microarray analysis by Satoh et al. (2013) showed that the expression 1) was activated for CESA5 and CSLC7 genes, 2) was suppressed for CSLA9 and expansin 15 genes, and 3) was not significantly changed for CESA6 and expansin 1 genes by RTSV infection between 6 and 15 dpi ( Table 3) . At 14 dpi, the relative expression levels (fold changes) of four (CESA5, CESA6, CSLA9, and expansin 1genes) out of the six genes examined were significantly higher in O. sativa TN1 than in at least either O. glaberrima-96793 or -102569 (Figure 3) . The expression of the CESA5 gene was upregulated more than 4-fold by RTSV infection in O. sativa TN1 at 14 dpi, whereas the expression of the gene was found to be down-regulated slightly (approximately 0.7-to 0.8-fold) by RTSV infection in O. glaberrima-96793 and -102569 ( Figure 3A) . The expression of the expansin 1 gene was also up-regulated approximately 1.6-fold by RTSV infection in O. sativa TN1 at 14 dpi, whereas the gene was down-regulated to approximately 0.2-to 0.4-fold in both O. glaberrima accessions ( Figure 3E ). The expression of the genes for CESA6 and CSLA9 was down-regulated more significantly by RTSV infection in O. glaberrima-96793 and -10569 than in O. sativa TN1 at 14 dpi ( Figures 3B,C) . At 21 dpi, the relative expression levels of five genes (CESA5, CESA6, CSLA9, CSLC7, and expansin 15 genes) were significantly higher in O. glaberrima-96793 than in O. sativa TN1 (Figure 3) . The expression of all six genes was down-regulated to approximately 0.2-to 0.8-fold in O. sativa TN1 at 21 dpi (Figure 3) . The expression of the genes for CESA5 and CESA6 was up-regulated slightly (approximately 1.1-to 1.2-fold) in O. glaberrima-102569 at 21 dpi (Figures 3A,B) .
At 28 dpi, the relative expression levels of five genes (CESA5, CSLA9, CSLC7, expansin 1, and expansin 15 genes) were significantly higher in O. glaberrima-102569 than in O. sativa TN1 (Figure 3) . The relative expression levels of four genes (CSLA9, CSLC7, expansin 1, and expansin 15 6 dpi 9 dpi 15 dpi 6 dpi 9 dpi 12 dpi 18 dpi 6 dpi 9 dpi 12dpi 21 dpi Satoh et al. (2013) .
2 Unpublished data by K. Satoh.
3 Data from Satoh et al. (2010) .
4 Data with RDV strain S from Satoh et al. (2011) .
5 Change in expression not significant. 6 Expression not detected.
than in O. glaberrima-97693 (Figure 3) . The expression of all six genes was down-regulated in O. sativa TN1 (approximately 0.02-to 0.95-fold), and also in O. glaberrima-96793 (approximately 0.03-to 0.92-fold) at 28 dpi (Figure 3) . Overall, at 14 dpi, the relative expression levels of a majority of the six cell wall-related genes were significantly higher in O. sativa TN1 than in the two accessions of O. glaberrima which were stunted by RTSV infection. In contrast, at 28 dpi, the relative expression levels of a majority of the six genes were significantly higher in most severely stunted O. glaberrima-102569 than in O. sativa 
DISCUSSION
RTSV has been considered as a latent virus since the accumulation of RTSV alone does not induce recognizable symptoms in most O. sativa genotypes. However, the lack of symptoms in O. sativa infected with RTSV might be due to defense mechanisms activated in O. sativa, not due to the lack of pathogenicity in RTSV. RTSV alone induces significant changes in the expression of diverse defense-and development-related genes in O. sativa (Encabo et al., 2009; Satoh et al., 2013) . RTSV and RTBV synergistically enhance symptoms in O. sativa (Cabauatan et al., 1995) . Along with these observations, the stunted growth of O. glaberrima plants by RTSV observed in Cabauatan et al. (1993) and this study suggests that, despite the potential pathogenicity of accumulating RTSV, most O. sativa genotypes may share a species-specific tolerance mechanism that prevents them from being stunted by RTSV. accessions-96790, -96793, and -104545 at least at one time point during the observation (Figure 2, Supplementary Material 3) . Therefore, alternatively, most O. sativa genotypes may operate a horizontal defense mechanism to suppress the accumulation of RTSV below the threshold level necessary to trigger a significant height reduction. The severity of stunting (Figure 1, Supplementary Material 2 ) and the levels of RTSV accumulation (Figure 2,  Supplementary Material 3) were significantly variable among the O. glaberrima accessions, but a clear relationship between the severity of stunting and the accumulation of RTSV was not observed. A lack of correlation between virus accumulation and severity of stunting was also the case with the interactions between O. sativa cultivar Nipponbare and three RDV strains (Satoh et al., 2011) . Plants infected with RDV strain S were more severely stunted than those infected with RDV strain D84, yet the accumulation of the two RDV strains in the plants was not significantly different. Thus, the severity of stunting in the Oryza species might be associated with a virus-induced modification of gene expression decoupled from the level of virus accumulation, as was observed in the interaction of RTSV with O. sativa TN1 and TW16 (Satoh et al., 2013) . For example, the expression of stress response-related genes such as those for TIFY transcription factors (Ye et al., 2009 ) and those for glutathione S-transferases was more activated in TW16, in which RTSV accumulated significantly less than in TN1, whereas the expression of development-related genes such as the homeobox gene family was more suppressed by RTSV in TW16.
Stunting of O. sativa plants by infection with RDV (Shimizu et al., 2007; Satoh et al., 2011) and RSV (Satoh et al., 2010) was accompanied by the suppression of cell wall-related genes such as those for cellulose synthase (-like), expansin, and extensin. The severity of stunting in O. sativa cultivar Nipponbare infected with three strains of RDV was associated with the suppression of dozens of cell wall-related genes (Satoh et al., 2011) . Stunting of plants and impaired leaf growth were also induced by virusinduced silencing of cellulose synthase genes in Nicotiana benthamiana (Burton et al., 2000) , by mutations in cellulose synthase genes in rice (Tanaka et al., 2003) , and by artificial repression of expansin genes in Arabidopsis thaliana (Goh et al., 2012) , and in rice (Choi et al., 2003) . These observations suggest that suppression of particular cell wall-related genes in O. glaberrima after RTSV infection may have led to stunting of the plants. Among the expression patterns of the six cell wall-related genes in the O. glaberrima and O. sativa plants infected with RTSV (Figure 3) , the evident activation of the CESA5 and the expansin 1 genes in O. sativa TN1 and the suppression of the two genes in the two accessions of O. glaberrima at 14 dpi appeared to be signature responses in the plants stunted (O. glaberrima-97693 and -102569) by RTSV infection and the plant not stunted (O. sativa TN1). In fact, the expression of the expansin 1 gene was consistently suppressed in O. sativa plants stunted by RDV, RSV, and RTBV, but not in O. sativa infected but not stunted by RTSV (Table 3) . Thus, the gene for expansin 1 is likely to be the gene commonly associated with virus-induced stunting of Oryza species. Expansin loosens cell walls (Cosgrove, 1998) , which may make plants more vulnerable to pathogens (Ding et al., 2008 The results of this study suggested that stunting of O. glaberrima might be associated with the cell wall-related genes suppressed by RTSV. Genetic factors linked to the vulnerable reaction of O. glaberrima to RTSV can be accidentally transferred into O. sativa during the inter-specific hybridization intended for the improvement of Asian rice varieties. Therefore, characterization of the genetic factors underlying the vulnerability of O. glaberrima to RTSV is critical to avoid the accidental introduction of such factors into O. sativa.
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